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NATIONAL ADVISORY COMMITTER FOR AERONAUTICS

ADVANCE RESTRICTED REPORT

EFFECTS OF PROPELLER OPERATION AND ANGLE OF YAW ON THE.
DISTRIBUTION OF THE LOAD ON THE HORTZONTAL TAIL
SURFACE OF A -TYPICAL PURSUIT AIRPLANE
By Harold H. Sweberg and Richard C. Dingeldein

SUMMARY

Measurements were made in the NACA full-scale tunnel
of the pressure distribution over the horizontal tall
surface of a typlcal pursuit airplane 1n order to deter-
mine the effects of propeller operation and angle of yaw
on the tall load dilstribution. Most of the tests were
made with the propeller onerating to simulate climb con-
ditions, high-speed dives, and pull-ups to_varigus normal
accelerations for angles of yaw ranging from 10~ to -10°
Measurements were also made of the distributions of down-
wash angle and dynamic pressure in front of the horizontal
tall and the results have been correlated with the re-
sults of the pressure-distribution tests.

From the results of the tests, i1t appears that the
most severe ssymmetrical loading condition for the horl-
zontal taill wlll occur during a pull-=up from high speed
when appreclable yaw may be developed. It 1s shown that
the angle of yaw 1s the most important factor contributing
to the magnitude of. the tall-load asymmetry. The magni-
tude of the tall-load asyrmetry for unaccelerated, unyawed
flight at low speeds and high propeller torque coeffi-
clents was suffliclently smell to be of little Importance.
The difference in the normal-force coeffilclents on the
two sides of the horigontal tall surface was dependent
only on the angle of yaw and the power condltion and wes
essentially lndependent of the elevator setting or the
magnitude of the tall load.

INTRODUCTION

Numerous structural failures of the tall surfaces of
military aircraft have recently occurred, especlally in




dives. One of the factors contrlbuting to these fall-
ures is the asymmetric tall loading that occurs as a re-
sult of sllipstream rotation and airplane yaw. It has
been suspected that under certaln conditions thls asym-
metric loading mey cause bending moments on the tall
which are in excess of those calculated by current design
criterions., Tests were accordingly conducted in the
NACA full-scale tunnel to determine the dlstribution of
the load on the horizontal tall surface of a typical pur-
sult airplane under conditions simulating actual fllght.

The tests Iincluded pressure measurements over the
horizontal tall of the P-40K alrplane and air-flow sur-
veys in front of the tall for varlous angles of attack
and -angles of yaw. Most of the tests were made wlth
the propeller operating at coefflclents simulating rated
power at an altitude of 10,000 feet for conditions of
both steady and accelerated flight. In addition, some
tests were run with the propeller removed to determine
the effects of propeller operation. A few force tests
wore made to determine the variation of the 1ift with
the angle of attack of the alrplane.

The data presented in thls report are quantitative
for the P-40K alrplane only; it 1s belleved, however,
that the results should provide a basls for a qualita-
tive evaluation of the effects of power and of yaw on
the tall-load asymmetry of reasonebly simllar alrplanes,
It should also be pointed out that, inasmuch as the
tests were conducted at low speeds and with relatlvely
low tall-surface loads, the effects of Mach number and
of elastic deformation are not included in these results.

SYMBOLS
C, airplane 1ift coefficlent (L/qySy)
Cxy tall normal-force coefficient (N/a,Sy)
ACN difference between normal-force coefficients on

left and right tail surfaces (CNp - ON

cn sectlon normal-force coefficlent
tall section normal force)
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‘torque coefficient (Q/pV°2 o)
thrust coefficlent effecti;e'thrust) ——n

PVo D - .

airplane 1lift
tall normal forée_

difference in normal force or left and right
tall surfaces (WL - NR)

alrplane load factor, also propeller rotational
speed .

propeller torque
pressure coefflclent (Ap/ho) '

difference in local statlc pressure between upper
and lower surfaces of tail

wing area

horizontal-tall area, not lncluding fuselage
tail chord

propeller dlameter

lateral distance along tall spen measured from
fuselage center line

dynamic pressure (%pvz)
veloclty |

propeller advance-dlameter ratio
mass density of air

altitude, feet

angle of attack of :thrust axis relativp to free-
stream direction, degrees

angle of yaw, degrees; positive with 1eft wing
forward ]




€ downwash angle, degrees

Ae .difference between downwash angles over right and
left tall surfaces 1?3 - )

1¢ angle of stabilizer setting with respect to
thrust axis, degrees; positive with tralling
edge down

8 control-surface deflectlon, degrees; positive
with trailing edge down

B propeller blade angle at 0,75 radius, degrees

Subscriptss

o free stream

t horizontal tall surface

e elevator

right side of horlzontal tall
L left side of horlzontal tall

av average
METHODS AND TESTS

The tests were conducted on the Curtiss P-40K, which
1s a low-wing pursult elrplane welghing 7740 pounds and
equipped with a V-1710~F4R Alllson englne rated at
1000 horsepower at an altitude of 10,800 feet. A three-
view drawing showing the principal dimenslions of the alr-
Plane 13 glven in figure 1 and a photograph of the air-
plane mounted in the NACA full-scale tunnel 1s glven as
figure 2.

For the pressure measurements, flush-type orifices
were Installed in the upper and lower surfaces of the
horizontal tail at 12 chordwlse statlons symmetrically
located across the span. The locatlon and 1dentiflca-
tion of the orifices are given in table I and in fig-
ure 3. The cellular construction of the tall surfaces
prevented the installatlon of pressure orifices very
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near the leading edge. - In order to overcome this defi-
clency a method based on theoretical calculations, which
will be described under "Results and Discussion," was
used to obtain the pressure peaks at the leading edge of
the tall.

The alr-flow surveys consisted of downwash-angle
end dynamlic~pressure measurements in a vertical plane
located 3.8 feet (average tall chord) ahead of the
leading edge of the root section of the horizontal tail.
A rake of 14 steel survey tubes, each capable of meas-
uring the local downwash and sidewash angles and the
local dynamlc pressure, was used for these measurements.
The horizontal tail surface was in place for all the
air-flow measurements. :

All the tests were made at a tunnel airspeed of
approximately 85 miles per hour. The propeller blade
angle, for the power-on tests, was set at 35° at the
0.75 radius and was held constant, By choosling thils
particular blade angle, 1t was possible to reproduce
In the tunnel the torque coefficient of the constant-
speed propeller exactly for all 1ift coefficients and,
in addition, very nearly to reproduce the thrust coef-
ficlent. Flgure 4 shows the variation of blade angle
and V/nD with 1ift coefficlent and figure 5 shows
the varliation of Qs &and T wlth 1lift coeffilclient

for the conatant-speed propeller and for the propeller
operating at constant blade angle. The varlatlon of
1ift coefficlent with angle of attack of the airplane
with the propeller removed and with the propeller
operating at rated power at an altitude of 10,000 feet
1s shown in figure 6.

A summary of the complete test program is given
in table II. The tests with the propeller opérating
were made to simulate both -level-flight conditions and
pull-ups to varlous normel accelerations of the air-
plane. The maneuvers that were reproduced are givén
In the last column of table II In terms of airplane
load factor. For the level-fllght condltions
(n = 1. OO), the elevator angles were set for trim ac-
cording t6 the results of unpublished flight-test -
data. For the accelerated-flight conditlons, tests
were made at two or three elevator angles in order to
bracket the probable elevator deflectlon required to
pull up to the normal acceleration listed. The yaw=
angle range (¥ = +10°) was chosen to bracket the
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‘maximum angle of yaw likely to be encountered in the
maneuvers being consldered.

RESULTS AND DISCUSSION

Chordwlise pressure distributions.~ The pressure
measurements were rirst plotted along the various chord
lines of the horizontal tall surface to obtaln the
chordwlise distribution of the tall load. Inasmuch as
there were no orifices very near the leadling edge of
the tall, the following method was used to estimate the
leading-edge pressure peaks: The theory of reference 1
shows that for a symmetrical.alrfoll a point on the
chordwlse distribution curve besars the same relatlonshilp
to any other point regardless of the.1lift supplied by
the section, provided that the surface has not stalled.
The leadlng-edge pressure peaks were estimated by a
direct comparison of that portion of the measured dis-
tribution near the leading edge with the corresponding
part of the theoretical curve., For all these tests,
the elevator settlngs were gufficlently small that the
effect of deflecting the elevator on the leadling-edge
presaure peaks could be neglected (reference 2).

A few typlcal chordwlse pressure dlstributions over
the tall of the P-40K airplane are shown Iin the lsometric
chartsof filgures 7 to 13. Included in each of these
figures are the corresponding dilstributions of sectlon
normal-force coeffliclent across the tall span that were
obtained by integrating the chordwise pressure dlstri-
butlons. The effects of the sllipstream. rotation and
the angle of yaw on the distribution of the tall load
are Included in these figures. Comparison of flg-
ures 7 and 9 shows the effect of the slipstream rotation
on the tail load dlstrlbution at a low value of Cg, -

and Qq; the effect of the slipstream rotation at a high
value of Cr, and Q¢ may be obtailned by comparing
figures 8 and 10. At a low value of Qg, which corre-

sponds to a high-speed or dive condition, the effect of
propeller operation on the distribution of section
normal-force coefflcient 1s small. At the high value
of Q. (low-speed climb), propeller operation resulted

in a large increase in the normal-force coefflcient on
the left side of the tall and a correspondingly large
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...decrease In the normal-force coefflcient on the right

side of the tail. The effect of angle-of -yaw.on.the .
tall load dlstribution 1s shown in figures 10 to 13 for
e 11ft coefflcient of 0.820 with rated power applled.
The asymmetries in the tall load distributlion due to -
yaw, even at ¢ = 5° are very large.

: Spanwise distributions of normal-force coefficlent.-
Curves showlng the spanwlise distribution of sectlon
normal-force coefficlent are given in figures 14 to 20.
Span load dilstributlons, with the propeller removed, at
three angles of yaw (Y = 09, 5°, and 10°) are shown in
figures 14 to 16. These tests were made to determine
the effects of yaw on the distributlon of tall load and
to serve as a basls for determining the effects of pro-
peller operation. With the propeller removed and
¢ = Q° the load on the left side of the tall was
higher than the load on the right side of the tall.

This asymmetry 18 essentlally independent of the angle
of attack of the airplane and 1s probably due to differ-
ences 1in the airplane on the two sides of the plane of
symmetry and also to & slde-flow component of the wind-
tunnel alr stream. .

Span load distributions with the propeller operating
at rated power at an altitude of 10,000 feet are shown
in figures 17 to 20 for four angles of yaw (¥ = 09, 5°,
10°, and -10°) and include 1ift coefflclents bracketing
an alrplane veloclty range from 150 to 550 milles per
hour. The elevator angles for these tests were set for
trim at the corresponding 1ift coefficlent for unaccel-
erated flight. The small variation with the airplane
11ft coefficlent of the elevator angle required for trim
is due to the low degree of longltudinal stability of
the alrplane. It 18 very evident from the figures that
large changes in the distribution of normal-force coef-
flclent along the tall span result from both propeller
operation and angle of yaw.

The distribution of the load on the horizontal tail
surface under conditions simulating a typilcal pull-up
from high speed,when Cp, = 0.820 and n = 9.0
(V = 450 mph), 1s given in figure 21, Thg results gre
given for two elevator settings (8 = =1l. o° and -5.0
Inasmuch as the exact elevator setting for the maneuver
was not known. °~ Although the magnltude of the tall load
was changed by elevator deflectlon, the dlstridbutlion of



8

the load across the tall span remalned substantially the
same., In general, the effects of propellsr operation
and yaw on the tall load distributlon for thls case are
gimilar to the effects measured for the unaccelerated-
flight conditions.

In order to estimate the magnitude of the tall loads
and the asymmetry In the tall load resulting from pro-.
peller operation and yaw, average values for the tall
normal-force coeffliclent have been computed for each
slde of the horizontal tall surface by integrating span-
wlse dlstributlons of cpcte. The complete results of
these calculatlions, which are based on free-stream
dynamic pressure, are given 1in taeble IIT. It is pointed
out that the maximum bending moment on the tall for a
particular condltlon does not depend on the magnitude
of ACy 1Iin all cases but depends on the distributlon

of the load across the horlzontal-tall. span.

Alr-flow measurements.- Measurements were made of
the downwash angles and the dvnamic pressures in front
of the tall in order to correlate the results of the tall
pressure measurements with the geometric pattern of the’
alr flow in front of  the tall. The tell surfaces were
in place for the air-flow measurements but, lnasmuch as
this report 1s primarily concerned with differences in
the tall loads and the downwash angles on both sides of
the plane of symmetry of the alrplane, it 1s belleved
that the inclination of the air stream iIn front of the
tall due to the presence of the tall willl have little
effect on the conclusions drawn from the results of
these measurements,

A few typical examples showling the variation of
downwash angle and dynsmic pressure across the tall
span together wlth the correspondlng spanwise distribu-
tion of normal-force coefflcient are shown in figures 22
to 28, The survey.patterns for each of these condi-
tions. are shown in figures 29 to 35, which were plotted
for the same test conditions as the chordwlse pressure
distributions shown In figures 7 to 13. The increase
in downwash engle on the side of the tall behind the
downgoing propeller blades and the corresponding de-
crease in the downwash on the side of the upgoing pro-
peller blades are evident from examination of figures 29
to 35. Large changes ln the downwash angles near the
fuselage were measured when the airplane was yawed with
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.the propeller operating. Comparison of figures 25 and.
- -28 shows~the -large 1ncrease in. the_downwash angle on.

the left slde of the horizontal tail near the fuselage
due to yawing the airplane to =10°. For posltive
angles of yaw, wlth the propeller operating, the down-
wash angles on the right side of the tall near the
fuselage are decreased and the downwash angles near the
outboard -sectlion of the right slde of the tall are in-
creased from the values obtalned at zero yaw. (Compare
figs. 25 to 27.)

Explanations of the combined effects of the slip-
stream and the yaw angle on the tail load distribution
are very difficult owlng to the complex nature of the
slipstream, especlally in yawed flight. Some sketches
have been prepared (fig. 36) to show estimated slip-
stream patterns for the various yaw condltions. It 1s
known that the mean path of the slipstream in yawed
flight will lle somewhere between the dlrectlon of ‘the
relative wind and the longltudinal axls of the airplane.
Studles of the span load distributions and the alr-flow
measurements showed that for a first aepproximation this
angle may be taken as one-half the angle of yaw. The
combined effects of power and yaw appear to be critiocally
dependent on the directlion in which the alrplane 1s
yawed, As the alrplane 1is yawed in a positive direc-
tion (left wing forward), an increasingly greater per-
centage of the right slde of the tall (which 1s blanketed
by the fuselage) will be immersed in the alr stream af-
fected by the upgoing propeller blades and the combined
effects of power and yaw willl tend -to decrease the asym-
metry of the tall load. .As the alrplans is yawed in a
negative direction, an 1ncreasingly greater percentage
of the blanketed side of the tail will be immersed in
the alr stream affected by the downgoing propeller
blades and the combined effects of power end yaw will
tend to increase the asymmetry of the tall load. -

In order to ald in correlating the air-flow surveys
with the pressure-distribution measurements, calcula-
tlons have been made to obtaln the ‘average downwash
angle and the average dynamlc-pressure ratlio for each
side of the taill. The values of - (g/qb)av have been
welghted according to the spanwlse variation of tall
chord and the values of €gy have been welghted ac-

cording to the spanwise variation of tall chord and
dynamic-pressure ratlo by the formulas :
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The values of q/'qo and ¢ used for these calculations

were teken at the Ilntersection of the plane through the
horizontal tail and the survey plane. The results for
all the test conditions are given 1n table III together
with the values of the average normal-force coefflclents.

Curves have been plotted (fig, 37) that show the
variations in the differences of average downwash over
the right and left tall surfaces with angle of yaw for
varlous torque coefflclents. The slope of the curve
of Ae¢gy against Y near zero yaw was about 0.8 for

the propeller-removed conditlon. Propeller operation
at various constant values of Qg had little effect on
this value. The difference in downwash on the two
slides of the horizontal tall at zero yaw was about 6°
greater wlth the propeller operating at Q; = 0.036

than wlth the propeller removed.

An analysls has been made to correlate the measured
downwash asymmetry with the asymmetry ln normal-force
coefficlent. Points plotted in figure 38 show the
variations of ACy,, With Aegy Tfor all the test con-

ditions and a mean curve has been drawn through the test
points. The values of ACy,, &lven in figure 37 are

based on local dynamic pressure in order that any asym-
metrlies due to the differences 1in dynamlc pressure on
both sides of the horizontal tall may be eliminated.
The slope of the curve of ACNg, agalnst Acgy, at

Aegy = 0°, 1s about 0.02 per degree. . This value is

of the order of magnitude that may be expected for a .
twisted wing having a low aspect ratio and acting in a
uniform stream.
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~ Tall~-load asymmetry.- Calculatlions have been made
of thé differerce %%Eween the -1load on the..right.and the
left sides of the horizoéntal tail surface for the
various test conditions. The variation of tall-load
asymmetry with angle of yaw 1s shown in figure 39 at
three 1ift coefficlents for the airplane with the pro-
peller removed. Flgure 40 showa the tall-load asym-

. metry as a function of angle of yaw for various steady-

flight 11ft coefficients of the airplane with the
propeller operating. The data of figures 39 and 40 have
been replotted in figure 41 to show separately the ef-.
fects of power and of yaw on the tall-load asymmetry.

At Cp, = 0.066 (V = 550 mph at an altitude of 10,000 ft)

and V¥ = 10°, the difference in the load on the right
and left surfacea due only to yaw was 1000 pounds.
Propeller operation corresponding to steady flight at
this 1i1ft coefficlent resulted in a tail-load asymmetry
of =650 pounds. The net tall-=loed asymmetry for this
condition was therefore gSO pounds. At the same 1ift
coefficlent but ¥ = «10 a net tall-load asymmetry
of about -1400 pounds can be obtained by extrapolating
the curve of figure 38 to Y = =10°, The combined
effects of power and of yaw, for right-hand propeller
operatlon, are therefore more severe when the airplane
1s yawed In a negative dlrection than when the airplane
1s yawed in a positive direction. The magnitude of the
tall-load asymmetry at the high 1lift coefficlents for
unaccelerated flight was sufficlently small to be of
little consequence.

The asyrmetrilies in the tall load for various pull-
up maneuvers are shown in figure 42, Inasmuch as the
exact .elevator deflections for the maneuvers were not
known, the measurements were made for a range of ele-
vator angle. The results show; however, -that the
asymmetry in the taill load is primarily dependent on
the power condltion.and the angle .of yaw and 1s easen-
tially independent of the elevator setting or the
magnitude of the tall load.

‘It appears that in actual flight the most important

‘factor contributing to the magnitude of the tall-load

asymmetry will be the angle of yaw or of sideslip devel-
oped., At hlgh values of (35, or low alrplane velocltles
the tall loads will be small and the effects of power or
yaw on the tall-load asymmetry will be of little conse-
quence. At high velocltlies when the tell loads may
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assume considerable proportions, the effects of propeller
operation on the tall-load asymmetry will be small
inesmuch as the propeller torque and thrust coefficlents
will be very low. The asymmetry due to yaw at high
velocltles, however, may be conslderable, especlally
during pull-up meneuvers when large angles of sldesllp
may be developed. The sideslip developed by an air-
plane during a high-speed pull-up 1s primarily due to
the gyroscoplc action of the propeller. As a typilcal
example, during flight tests of the P-40 alrplane
(unpublished), the alrplane yawed notlceably to the
right in all pull-ups. Calculations showed that, when
the propeller rotational speed was 1140 rpm, as 1ln the
crulsing condition, a pitching velocity of 0.4 radian
per second may result i1n a yawing moment of about

5000 foot-pounds, which could be.offsgt by a steady
angle of sidesllip of approximately 10~ at a yveloclty of
175 mlles per hour.

SUMMARY OF RESULTS -

The results of measurements made in the NACA full-
scale tunnel on & typlcal pursult alrplane to determine
the effects of propeller operation and angle of yaw on
the tell load distrlbution showed the followlng:

l. ILarge differences between the average downwash
angles on the two sldes of the horizontal tall surfaces
as a result of propeller operation and yaw were measured.
At zero yaw, the difference between the average downwash
angles on the two sides of the horizontal tall was about
6° greater with the propeller operating at a torque
coefflcient of 0.036 than with the propeller removed.

The change 1n the difference between the average downwash
angles on the two sides of the tall per degree change 1n
angle of yaw was about 0.8 for the alrplane with propeller
removed.

2. The difference between the average normal-force
coefficients on the two sides of the horizontal tall per
degree difference in the average downwash angle was aboutb
0.02.

3. The results of the tests showed that the most
important factor contributing to the magnitude of the
tall-load asymmetry wlll be the angle of yaw developed
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. Guring a pull-up at high speed and with single-rotating

right-hand propellérs will be most severe.when the air-
plane yaws 1n a negative direction.

4, The net asymmetry of the tall load calculated

- for a typlcel high-speed dive (a apeed of 550 mph) due

to both propeller operation and yaw was -1400 pounds
when the airplane was yawed in a negative directlon
(right wing forward) and was 350 pounds when the alr-
plene was yawed in a positive direction.

5. The magnitude of the tail-load asymmetry for
unaccelerated flight at high 1ift coefficlents was suf-
ficlently small to be unimportant.

6. The asymmetry in the tall load was essentially
independent of the elevator setting or the magnitude of
the tall load.

Lengley Memorial Aeronautical Laboratory,
Natlonal Advisory Committee for Aeronautles,
Langley Fleld, Va. :
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